We have used three approaches to studying the interaction of lambda Int protein with bacteriophage attachment site DNA, POP 1 : location of binding sites by retention of DNA fragments in a filter binding assay, reconstruction of a binding site by ENA synthesis and protection of a binding site from an exonuclease. Retention of restriction fragments on nitrocellulose filters in the presence of Int protein was used to locate binding sites. A high affinity binding site lies in P' between base pairs -6 and +173 from the center of the common core sequence, and low affinity sites are found in the 200 base pair region left of position -6. Reconstruction of the high affinity binding site region from the right using primed INA synthesis and testing for filter binding in the presence of Int protein shows that sequences sufficient for tight binding of Int protein lie to the right of position +66. When attachment site DNA is protected by bound Int protein against digestion by exonuclease III, four Int dependent protection bands are seen in positions +58, +68, +79 and +88. This can be interpreted either as showing that four Int protein monomers bind to the high affinity region in series, or as evidence for wrapping of the ENA around Int protein, leading to structural changes resembling those occurring to DNA in nucleosomes.
INTRODUCTION
Lambda is a temperate bacteriophage that can lysogenize its host, E. coli. In the prophage state the phage achieves replicative synchrony with its host by physically integrating its DNA into the host chromosome. Integration occurs by a single reciprocal site-specific recombination event between unique sites on the phage and bacterial chromosomes known as attachment (att) sites (reviewed in refs. [1] [2] [3] . Integration depends upon the product of the lambda int gene, and upon several host proteins (4, 5) . Int protein has been purified and shown to bind specifically to DNA molecules containing the lambda phage attachment site (att POP 1 ) or the left prophage attachment site (att BOP') (6, 7, 8) . It is not known how the host attachment site (att BOB') or the right prophage attachment site (att POB') inter-act with the host factors and Int protein in the complete reaction. The most likely mechanism for integrative recombination would be for Int protein to recognize and align the phage and host attachment sites, perhaps aided in the recognition of the host att BOB' by the required host factor, followed by breakage and rejoining catalysed by host proteins or possibly by Int itself (9) .
The interaction of Int protein and the attachment sites is thus clearly of central importance in the recombination process. The phage attachment site has been shown to have the formal structure POP', where P and P' are flanking regions to the left and right respectively of tlie sequence 0, and 0 (designated common core), represents a stretch of 15 nucleotides coninon to all four attachment sites (10) . Although the position of common core is known exactly because it is common to all the attachment sites, the extent of sequence to the right and left which is critical in the reaction is not known. In order to determine the regions of DNA required for Int to interact with the viral attachment site we have studied the binding of purified Int protein to small DNA fragments from this region.
In particular, the location of an Alu I site one base-pair within the coranon core allowed us to separate the two halves of att POP 1 into P and OP' and to show that the main binding site is located in the OP' fragment.
We have further used a new approach, protection against the action of exonuclease III, to study how far to the right in the P' sequence Int protein binding extends. In a final series of experiments presented here we reconstructed the viral attadunent site from single stranded template and primer to further define the DNA sequence required for tight binding of Int. The results obtained in these studies are therefore complementary to a detailed study of the high affinity binding site in P' at the base pair level using DNA protection methods (11, 12, 13) which will be published elsewhere (S. G. Minter, R. W. Davies, M. Kotewicz, and H. Echols, manuscript in preparation).
AND ?LTII0DS
Preparation of ITfl A fragments All UNA fragments described here were prepared from ENA of the plasndd pMG 1409 (14) which contains the X Eco Rl.C fragment (15), or from the plasnid pad 29 constructed by G. Cesareni and S. Brenner, which contains the Hind III cut 3-Bam HI cut 3 fragment of X. Both of these fragments contain the phage attachment site (att POP 1 ). Conditions for plasmid preparation, restriction enzyme digestion, gel electrophoresis and fragment elution have been described previously (14, 16, 17) . For convenience we refer to the Hind III cut 3-Bam HI cut 3 fragment of X as fragment «, and to the 317 base pair Hinf I fragment derived from = as g. +X174 RF ENA was a gift of F. Sanger. End labelling of ENA fragrants Most of the experiments described here were carried out using mixtures of ENA fragments resulting from restriction enzyme digests. Since fragments labelled by nick-translation showed a higher level of non-specific binding by Int than end-labelled fragments, all fragments were endlabelled either by using polynucleotide kinase (18) or by filling in the ends generated by restriction enzyme cuts. The latter was accomplished by using the Klenow fragment of DNA polymerase I (Boehringer) to add « P labelled nudex>tides to the recessed 3 1 CH ends of appropriate restriction cuts.
For example, to label Hinf I ends, 5pl of a Hinfl digest of fragment = , 2.5 pi of a mix containing 0.125 mM dCTP, dTTP, dCTP, 15 mM Tris HC1 pil 7.4, 15 nM MgCl 2 , 125 mM NaCl and 2.5 mM OTT, 5 yl (dried-down) « 32 P labelled dATP (5 pCi 400 Ci/m mol, Amersham), and 0.1 unit of the Klenow fragment were combined and incubated at 22°C for 30 minutes. The reaction was stopped by heating the mixture at 70°C for 10 minutes, and the labelled ENA fragments were separated from unincorporated triphosphates on a 1 ml Sephadex G-100 column equilibrated with 2.5 raM Tris-Hd, pH7.4, 0.05 nfl EDTA. The samples were then concentrated by lyophilizatian. Purification of Int protein Int protein was purified as described elsewhere in detail (6, 8) , and was tested for specificity of binding by comparing filter binding of in vivo labelled phage ENA carrying the X or $80 attachment site. Three separate preparations of Int protein were tested. The first two were greater than 851 pure as judged by SDS gel electrophoresis and the third (which was purified from an Int overproducing strain kindly provided by S. Ilu and A. Honigman) although it was not as pure on protein gels was of an even higlier binding specificity. They are referred to as Intl, 2, and 3 in chronological order of preparation. Filter binding tests Hnd-labelled UNA fragments were resuspended in a small volume of sterile distilled water, and aliquots containing fragments equivalent to 25 nanograms of the « fragment were distributed to each assay tube. 10 X Int binding buffer was added to give final concentrations of 10 nt-l Tris-HC1, pH 7.4, 10 I TM MgCl 2 , 0.2 mM EDTA, 0.2 mM OTT and 70 nW KC1, in a reaction volume of 100 to 250 pl. As the purified Int protein was always in 400 or 800 mM KC1, this was carefully noted such that the final binding conditions did not exceed 70 roM KC1. After 5 minutes at 0°C, various amounts of Int were added, and incubation continued for 10 minutes at 0°C. The solution was filtered through a millipore filter (0.45 pm, type HA) at a flow rate of 1 ml per minute. Filters were presoaked for at least 30 minutes in binding buffer containing 70 mM KC1. All filtration was done at 22°C. To remove weakly bound fragments, the filter was washed 2X with 1 ml of binding buffer (70 mM KC1), IX with lml binding buffer (0.5 M KC1), and IX with 1 ml of binding buffer (70mM KC1). Each wash was collected directly into centrifuge tubes. Strongly bound DNA was eluted with 1 ml of 0.5t SDS. To each filtrate 25 pg of E. coli tPNA, 0.1 volume of 3.0 M Naacetate, and 3.0 volumes of ethanol were added and mixed. Any SDS precipitate that formed was removed by gentle centrifugation. The solutions were chilled and centrifuged (30' at 35000 rpm, SW 501 Beckman). The precipitates here washed twice with prechilled 95% ethanol and dried. Recovery was always 90% or greater for these precipitations. The dried precipitates were resusijended in 5 pi of II 7 0 and 2.5 pl of a solution of 15* Ficoll containing 0.031 bromphenol blue and 0.031 xylene cyanol was added. The samples were electrophoresed in 81 polyacrylamide thin gels (18) . After autoradiography, fragments were cut out, and cotnted in 10 ml of Aquasol (New England Nuclear). Protection against exonudease III digestion H1A substrate was prepared by prined incorporation on a purified X r-strand as described previously (16). Approximately 40 ng of the 55 basepaid MboIHIinf I fragment was nixed with 2 pi of purified X r-strand (1.0 ng/ml) and 0.5 pi of 10X Hin buffer (66 mM Tris-HCl, pi I 7.4, 66 nNl MKC1 2 > 500 roM NaCl, and 10 nM DTT). After annealing the "rimer to the template, 10 pi of ii ? 0, 4 pl of a mix containing 0.125 mM dCTP, dTTP, dCTTP and 2.5X liiri buffer were added. This mixture was added to 2 pCi of dried « 1> labelled dATP (400 Ci/mmol Amersham), 0.2 units of Klenow fragment of DNA l>olymerase I was added (Boehringer) and the solution was incubated for 10 minutes at 22°C. The reaction was stopped by adding 2.5 pl of 0.25 M EDTA and heating 10 minutes at 70°C. The DNA was purified by passing it over a G100 column. Each experiment contained a molar equivalent of 2.5 ng. of fragment •*. The DMA was then incubated with various amounts of Int protein in Int binding buffer at 0°C as before, except that the DTT concentration was raised to 1.0 mM. Excmuclease III (New England Biolabs) was then added (4 to 24 units), and the mixture incubated at 22°C or 37°C for 5 to 15 minutes. Under the conditions used for the experiments shown in figure 5 , the labelled strand was completely digested in the absence of Int protein.
The Exonuclease III digestion was stopped by the addition of 5 ul of 0.25 M HDTA, the DNA precipitated in the presence of 50 yg/ml E. coli tRNA, washed with prechilled 95% ethanol and resuspended in sterile distilled H2O. An equal volume of deionised formamide (98%) containing 0.03% bromplienol blue and 0.03% xylene cyanol was added, the sample boiled for 3 minutes, and electrophoresed in a thin 7 M urea, 8% polyacrylamide gel. Samples from sequencing experiments using the chain termination procedure (20) were run as length standards. Reconstruction of the Int binding site EMA substrates having a common right end and a variable left end were produced by priming pure A 1-strand template with the 28 base pair M30 IIHinf I fragment (Fig 6) . If this primer is extended to the left through the Int binding sequences the fragment will be retained on nitrocellulose filters in the presence of Int protein. In order to avoid artifactual binding of the substrate, single-stranded regions were removed with SI nuclease.
Priming reactions were carried out as described above, except that aliquots were taken at 30 second intervals in order to generate a series of substrates extending various distances to the left. This priming produced highly labelled substrates. Reactions were stopped with 25 pi of phenol, extracted 6 times with ether, purified over a Sephadex G-100 column as before, and lyophilised. The UNA was resuspended in 20 vl of SI buffer (30mM Na acetate, ptl 4.6, 50 mM NaCl, 1 mM ZnSO 4 ), and digested with SI for 30 minutes at 22°C. The conditions of SI digestion were determined empirically for each D. VA preparation by adding various amounts of SI to small portions of the ENA to be tested. Concentrations of SI were chosen where the DNA just lost its capacity to bind to the filters, i.e. where it had lost its single stranded regions.
Using the predetermined SI conditions, UNA was treated as above. Aliquots containing the molar equivalent of 25 ng of fragment = were incubated with Int and assayed for filter binding as described above. The filtrates were ethanol precipitated, boiled in formamide, and electrophoresed under denaturing conditions as described for the exonuclease III experiments.
RESULTS
The ENA sequence of the phage attachment site (att POP 1 ) and some of the surrounding region has been determined (10, 16) , so that the locations of recognition sites for restriction enzymes are known very precisely. Figure 1 shows the positions of the sites within the « fragment of X. The Alu I recognition sequence is found in tlie phage att site (att POP'), and the enzyme cuts one base pair into the left end of the coranon core sequenae.
In preliminary experiments (data not shown) we foind that Int protein purified and tested as described by Kotewicz et al (6) bound the X Eco RI fragment C (15) and the X Hind IIIj-Bam IIlj fragment (i.e. fragment <*, 14) both of which are very likely to contain the entire phage att site (7). The = fragment was digested with Hinf I and the resulting fragments were end-labelled. Nick translation was not satisfactory for labelling as it gave higher backgrounds of non-specific binding. Using the mixture of fragments within each filter binding experiment allowed direct comparison of the ability of Int protein to bind each fragment. The labelled restriction fragments were incubated with increasing amounts of Int protein, passed through a raillipore filter, and then washed as described in Materials and Msthods. Figure 2A shows the elution pattern of the Hinf I subfragments of « during the washing procedure. In the absence of Int, all fragments were quantitatively recovered in the flow through and the first wash. In tlie presence of Int protein, all three Hinf I subfragments are retained through the low salt (70nM KC1) wash. All preparations of Int tested retained non-att DMA fragments (including fragments from *X174 and from other parts of the lambda genome, figure 2B) through this low salt wash. When the KCL concentration in the wash buffer was raised to 0.5 M, all of the 40 base pair fragment, most of the 145 base pair fragment, but only a small amount of the 317 base pair fragment of « washed through. ENA fragments from +X174 or other regions of X were invariably released from the filters under tliese conditions ( figure 2B ). Increasing the KQ concentration to l.S M did not release more DMA. This shows that the complex between Int and the 317 base pair fragment is very tightly bound. Throughout this paper, retention on a filter in the presence of a high salt wash (0.5 M KC1) will be referred to as tight binding.
The tight binding complex was eluted from the filter when SDS (0.5i) was included in the wash.
As noted above, most of the 145 base pair fragment was eluted fTom the filter with the high salt wash.
Three fragments, the 145 base pair fragment, a 280 base pair Hind IIIHinf I fragment that included the 145 fragment (data not shown), and a 109 base pair Hinf I-Alu I fragment that is adjacent and to the right of the 145 base pair fragment (Figures 1, 3) were partially bound at hi^h salt if a large amount of Int was added (figure 2C). No i(>X174 fragments, nor other X pieces tested bound under these conditions ( figure 2B ). This is apparently a specific but weak interaction. With a preparation of Int from a plasmidcontaininK overproducer (which gave a much higher specific activity of Int binding) this weak binding was still visible, but was further reduced. This may suggest that there is a long region of weak specific binding to the left of the cormon core, starting witliin the Hinf I-Alu I fragment and extending at least 50 base pairs into the 145 base pair fragment (Figure 1 ).
In t)te next series of experiments tlte enzyme Alu I was used to dissect the phage attachment site. Alu I cuts the 317 base pair fragment into a 109 base pair fragment with one base pair of the common core and a 211 base pair fragment with the other 14 base pairs of the caramon core ( Figure 1 ; the longest strand is given in each case). The larger fragment is thus essentially OP' with a cne base pair truncated core, the small fragment is P plus cne base pair of the core. Figure 4 shows an autoradiogram of a gel of the 0.5i SDS wash fractiore from a filter binding experiment in which increasing amounts of Int protein were incubated with a partial Alu I, canplete Hinf I digesticn of fragment <*. The = fragment was cut with Hinf I and Alu I in order to allow a direct comparison of tlie binding of the Hinf I-Alu I fragments with the binding of the 145 and 40 base pair Hinf I fragments whose behaviour had been previously studied. In order to have some fragment 6 present as an internal control for tight binding, <* was only partially digested with Alul. Figures  3 and 4 show that the 211 base pair Alu I-Hinf I fragment is bound to nitrocellulose filters by Int protein to the same extent as is fragment &. Removing 109 base pairs of 8, the P sequences and one base pair of the core, has not affected the binding of Int protein at all. Cutting off 28 base-pairs from the right end of B with MJOII also did not change the binding properties of the remaining fragment (data not shown). Thus ENA sequences sufficient to account for all the observed tight binding by Int protein most lie between the second base pair of the common core and the ffcoll cut just before the right end of fragment 6. We undertook two further series of experiments to obtain a more precise position for the highest affinity binding site for Int. Exonuclease III digests one strand of a duplex DNA molecule from an exposed 3' OH end; such a structure is produced following incorporation of nucleotides using a small primer fragment hybridised to a single-stranded template ( Figure  6 ). We used the 145 base pair Hinf I fragment or the 55 base pair Hx> IIHinf I fragment as primers on a purified \ r strand template. The Klenow fragment of DNA polymerase I was used to synthesise radioactively labelled ENA through the attachment site. The products of the reaction were purified and exposed to the action of exonuclease III in the presence and absence of Int protein. If the DNA is now denatured and run in a M ureapolyacrylamide gel alongside a standard DNA-sequence it is possible to determine at which nucleotide(s) Int protein begins to protect against the action of exonuclease III. The 1-strand extensions that have gone beyond the Int binding site will be digested back to the point where bound Int protein interferes with furtlier digestion by exonuclease III. This will lead to an accumulation of fragments which are seen on an autoradiogram as bands of a length corresponding to the distance from the beginning of the primer to the right end of the protected region ( figure 5 ). The length of the DMA fragments in the bands can be determined by comparison with length standards from a sequencing experiment so that the position of the accumulation can be pinpointed in the sequence within several nucleotides. In order to relate the lengths seen on the gels to the numbering reference system of nucleotides that has its zero point at the eighth base pair of the common core (10), we report fragment lengths in base-pairs from the 1-strand Hinf I cut at the left end of 6, and in brackets refer to the core numbering system. Thus base-pair 116 is base-pair 0, and base-pair 175 for exariple is base-pair +59. It is striking that not just one band is found. The presence of four bands suggests a more complex interaction between Int and the P' sequences (see discussion).
Another approach to studying the interaction of Int with its binding site(s) is to reconstruct the site(s) by extending primed DNA synthesis through the attachment site region, stopping synthesis at a series of time points in order to produce a staggered distribution of endpoints in this region. In this way an array of fragments is produced that must contain both fully and partially reconstructed binding sites. Which members of the array of fragments contain sequence information necessary and sufficient for Int binding can now be studied by Int-directed filter binding after first removing the single-strands by the action of the single-strand specific nuclease SI.
The DNA was incubated with Int protein, bound to filters, washed, extracted, and run on a denaturing gel alongside a DNA length standard. It is expected tliat only those fragments containing sufficient sequence information to reconstitute a functional Int protein binding site will be retained on the filter. Thus the first bands to appear in the gel correspond to DMA sequences just beyond those necessary and sufficient for retention on the filter. The results are shown in figure 5C . We used a 28 base pair I bo I-Hinf I fragment of B (figure 6) as a primer on a x 1-strand template, extending its 3 1 end towards the common core. No fragment shorter than 150 base pairs is bouid to the filter (see discussion). These experiments corroborate and extend the results of the restriction binding experiments.
DISCUSSKH
We have used three approaches to study the interaction betwen the Int protein and Df-i A sequences in the bacteriophage lambda attachment site, PCS".
Filter binding experiments show that a high affinity binding site for Int protein lies between base pair 110 and 239 from the Ilinf I cut at the left end of fragment C or between -(: and +173 fron the center of the common core. Ml restriction fragments containing this region are bound tightly to nitrocellulose filters in the presence of Int protein, remaining stably boind in up to 1.5M KC1. Although Int protein may interact with other regions of ENA during the recombination reaction, the fact that this region is necessary and sufficient for maximal binding of Int protein implicates it strongly in the initiation of tiie recombination complex.
In experiments in whicli the attachment site region was reconstructed by prined DtlA synthesis on a single-stranded 1XA template from right to left (Pig. 6B), all double-stranded fragments containing at least sequences to tJie right of base pair 133 (+07) were bound to nitrocellulose filters in the presence of Int protein. Results of experiments in which binding of Int protein protected attachment site INA against digestion by exonuclease III also place a high affinity binding site for Int protein between base pairs +50 and +89. This is consistent with the results of tl»e reconstruction experiments and sets a rightward limit to the binding site. If we assume that protection represents actual obstruction of the passage of exonuclease III by the bound Int One possibility is that there are four contiguous binding sites for Int protein in P 1 . Each obstruction point marks the edge of a region protected by Int. If this is so, each Int molecule must cover at most a region of 10 base-pairs. For T4 gene 32 protein, which has a monomer molecular weight of 32,000, it has been calculated (21) that the monomer covers approximately 10 base pairs. Thus it is conceivable that Int protein, uhich has a rnolecular weight of 40,000 (8), could bind as few as 10 base pairs. There are precedents for arrays of multiple binding sites, in the cases of lambda represser (22, 23) and 5V4O T antigen (24) . Inspection of tiie II4A sequence docs not reveal any precisely relating unit but tiie sequence fron +74 to +33 that as ncntioned above also occurs at the ends of 'fa 10 (30) could be regarded as resenbling two base pair sequence blocks to the left. The TnlO sequence is 5' AAAATCATTA 3'; to tJie left of it, separated by one base pair, is the sequence TCAGTCAAAA, which has 5 out of 10 bases identical, followed immediately by the sequence CAGGTCACTA witJi ( > out of 10 bases identical, aitd all of these are within trie hirh affinity binding site, 'foreover this node of binding coul<l well involve cooperative interactions between Int monomers such that once tiie highest affinity site is occupied by an Int monomer tiie binding of other monomers to relatively weak sites is facilitated, as in the case of lambda repressor (i'tasluie, M., personal cominication). From the relative strength of the bands it would seem that the KiA sequence from 175 (+59) to 185 (+69) is bound nost strongly. This ncxlel is used for purposes of illustration in Figure 63 .
Another possible explanation of these findings is that Int protein interacts with part or all of the +58 to +88 region in a way reminiscent of the interaction of histories with DNA. It has been suggested (25) that only one side of the double helix is in contact with these proteins, resulting in the DNA being wrapped around the histone complex. Tliis places the QNA under structural constraints which can be detected by the occurrence of typical ordered cleavage patterns on endonuclease digestion (26, 27, 28) . Particularly relevant are the experiments of Riley and Weintraub (29) , who showed that digestion of nucleosomes with exonuclease III results in DNA fragments displaying discrete single-stranded lengths that are multiples of 10 bases. Ch this model the strong bands seen as a result of protection of the DNA by Int are the result of exonuclease III being forced to pause at some repeating structural feature of the DNA, as in nucleosomes. Riley and lfeintraub also found that exonuclease III can follow a strand of DNA into the nucleosorae with no apparent disruption of the nucleosane' s structure, so that 10 base pair repeat structures are generated stepwise, and presumably delineate only the extent of the region of structural perturbation caused by the DNA being wrapped around the protein(s). If the DNA really is altered in structure by Int binding, this has far-reaching consequences for the mechanism of recombinaticn. This model receives support from the results of partial DNase I digestion (Minter, S., Davies, R. W., Kotewicz, M. and Echols, H., manuscript in preparation), but cm the evidence presented here there is no reason to prefer it. iligh amounts of Int bound weakly to the 109 bp fragment containing one base pair of the common core, the 145 bp P fragment adjacent to this, and a 280 bp fragment containing the 145 bp fragment and extending to the next Hind II site left of the common core. This binding was weak but was clearly greater than backgroind nonspecific binding to otlier lambda restriction fragments or $X174 fragments. Thus weak binding sites for integrase probably exist left of common core, one at least being to the left of -116.
Our experiments indicate a special importance for the P' region of the attadunent site in the integration reaction. A strong preference of Int protein for attachment sites containing the P 1 sequence has been noted previously (7) . The role of the common core in Int binding is not clarified by these experiments. There cannot be a high affinity binding site spanning common core because cutting off the first base of the core with Alu I does not affect the level of filter binding. It is still possible that part or all of camion core is involved in an additional lower affinity binding site.
